In the previous study (Chanseetis et al., 2005) , we have developed a basic concept of an efficient fertigation system for conventional tomato bag culture under greenhouse conditions. This fertigation system may be suitable for tomato under specific greenhouse conditions where the temperature is automatically controlled. More accurate estimation of crop transpiration should be determined for meeting varying water requirements of the tomato plants (Bourlard et al., 1997) . Crop transpiration is associated with the sum of a radiative component and the radiation absorbed by the crop, and the VPD (Jolliet and Bailey, 1992) . Transpiration models under greenhouse climatic conditions were developed for horticultural crops: tomato, cucumber and lettuce (Yang et al., 1990; Jolliet and Bailey, 1992; Stanghellini and Van Meurs, 1992; Boulard and Wang, 2000) . Another effective fertigation management system would be transpiration control depending on the climatic conditions, including cumulative solar radiation (CSR) and vapor pressure deficit (VPD). Various correlations between transpiration and climatic parameters have been determined experimentally for greenhouse tomatoes. Stanghellini and Van Meurs (1977) found that VPD strongly affects the transpiration. Morris et al. (1957) reported the existence of a high correlation between evapotranspiration under greenhouse and solar radiation above crop level. Okuya and Okuya (1988) observed the relationship between transpiration and solar radiation and VPD in rockwool culture.
Many types of cultivation methods reported by the previous researchers are not always applicable to commercial production systems. Therefore, the current study was performed to determine the effect of VPD and CSR on tomato transpiration in a fertigation system. To evaluate the transpiration rate (E), a weight-loss technique was applied using a weighing lysimeter (Meijer et al., 1985; Shirazi and Cameron, 1993; Boulard and Wang, 2000; Leonardi et al., 2000a Leonardi et al., , 2000b . The growth and yield were monitored in order to select the data to simulate the crop transpiration. Finally, a simple simulation of transpiration using VPD and CSR was validated by regression analyses. The simulation can be applied as basic data in a wide range of fertigation systems for tomato culture under various greenhouse conditions. 
MATERIALS AND METHODS

Cultivation system
Supply of water and nutrients
A pyranometer sensor (SL-30, ESD Co., Ltd., Japan) was set up to detect cumulative solar radiation (CSR), which calculated solar radiation until the value of 1 MJ m-2 was reached, at which point the system was activated (by GreenKit). It was then reset to 0 for the next measurement. Two other sensors were setup for the detection of the temperature and relative humidity, when the CSR value reached 1 MJ m-1. The data of temperature and relative humidity were used to calculate the VPD. The two drip systems (nutrients and water) were activated when the CSR reached a value of 1 MJ m-2. GreenKit controlled the pump and electric valves to supply the given amounts of nutrients and additional water. In the present study the supply level was reduced based on the percentage of consumption of the nutrient solution according to the growth stages (Chanseetis et al., 2005) . Five different levels of N03-N (0.23, 0.26, 0.32, 0.37 and 0.4 me plant-1) were supplied during the 1st-2nd weeks (true leaf expansion at 8-10 leaf stages), the 3rd-4th weeks (true leaf expansion at 11-13 leaf stages), the 5th-6th weeks (true leaf expansion at 14-16 leaf stages), the 7th-8th weeks (de-topping stage until harvest) and after the 8th week (harvest stage), respectively as shown in Table 1 . The amount of water supplied gradually increased until the harvest stage. There were 5 levels of water supply depending on the plant growth stages, as shown in the Table 1. VPD was measured when the nutrients were supplied and the value was used to determine the supply of additional water. Four levels of additional water were supplied as follows: V-0 (no additional water supply), V-100 (supply of the same amount of water as that consumed by the tomato plants, based Environ. Control Biol. When the cumulative solar radiation reached a value of 1 MJ m-2, the plants were supplied with both nutrients and water. The amount varied according to the nutrient and water consumption determined in the previous study (Chanseetis et al., 2005) .
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on the determinations reported in the previous study), V-120 (addition of 20% of the amount of water supplied in the V-100 treatment), and V-140 (addition of 40% of the amount of water supplied in the V-100 treatment), respectively.
Parameter measurement
The experiment was terminated when the fruits of the 3rd cluster were harvested. The drainage was recorded and sampled daily for the analysis of EC, pH and NO3-N concentration. Growth parameters, leaf number, stem diameter, fresh and dry weight of leaf, stem and root were determined at the end of harvest. Photosynthetic rate was measured at 1 week after planting, at the detopping stage and harvesting stage using a LI-6400 portable photosynthesis system (LI-COR Inc., USA). Fruit yield was recorded and the contents of total soluble solids (TSS) (% Brix) were analyzed using a refractometer (IRR-101 Iuchi, Japan). Water use efficiency (WUE) and nitrate use efficiency (NUE) were calculated based on the fruit yield per liter of the total amount of water supplied and per mg equivalent of the total amount of nitrate supplied, respectively (Venezia et al., 2003) . The statistical analysis was conducted using a completely randomized design (CRD) and analysis of variance (ANOVA) was performed to test the significance of the observed differences.
Estimation of transpiration rate (E) increase the data reliance, only the E values recorded during the daytime (of all 8 sample days) were used for analyzing the correlation with CSR and VPD. The regression analysis of the data between E vs. CSR, E vs. VPD and E vs. CSR and VPD was performed in order to study the correlation between the data. All the regressions were processed using the Sigma Plot (Release 4.0, SPSS Inc., USA).
RESULTS AND DISCUSSION
Higher efficiency of drainage control was obtained in the present study compared to that previously reported by Papadopoulos et al. (1997) and Giuffrida and Lipari (2003) , in which 20-30% of drainage was recommended for tomato in a free drainage system. The highest percentage (10.05%) of total drainage was obtained in the V-140 treatment. Water deficit occurred in the V-0 treatment, as observed in the previous study (Chanseetis et al., 2005) .
EC values of the drainage remained within a certain range (0.4-0.7 dS m-1) in all the treatments except for the V-0 treatment which reached the highest at about 1.6 dS m ' before drainage was disappeared. These indicated the presence of salt accumulation inside the substrate of V-0 treatment, hence associated with the lowest leaf dry weight and photosynthetic rate (data not shown).
Yield parameters showed that the V-0 treatment was associated with the lowest yield, while the highest yield was recorded in the V-100 and V-120 treatments ( Table 2 ). The V-140 treatment showed a lower yield and TSS contents. However the TSS contents were within an acceptable range of about 5% (Azodanlou et al., 2003) .
As the plants grew, the consumption of NO3-N gradually increased. In the V-100 treatment NUE was the highest while in the V-140 treatment a lower value was recorded because of the highest drainage. The V-140 treatment showed a significantly lower value of WUE compared to the other treatments (Table 3) , whereas the highest value was recorded in the V-100 treatment. The Symbols are same as in Table 2 . WUE = fruit yield (g)/amount of water supplied (L). NUE = fruit yield (g)/total amount of nitrate supplied (me).
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ESTIMATION
OF TOMATO TRANSPIRATION USING CSR AND VPD fertigation system used in the present study enabled to obtain a high efficiency of water and nitrate use for tomato production.
As the V-100 treatment showed the highest performance for water and nitrate use, the E values in this treatment were mainly used for the estimation of transpiration in the following analysis. Figure 1 shows the diurnal changes in the E, VPD and CSR values at the de-topping stage (October 27, 2003) . The E value responded to VPD and CSR according to the levels of water supply. As reported by Jolliet and Bailey (1992), we also observed that canopy transpiration mainly depended on solar radiation and VPD. As expected, the VPD, CSR and the E values gradually became maximum (the values was 0.10 L plant1 h-1 in the V-100 treatment) at 12 a.m. and decreased gradually until sunset. A similar trend had been previously observed in tomato (Johnson et al., 1992) . A higher E value was recorded during the daytime while the value became almost zero during the nighttime. According to this Figure, CSR and VPD would affect the E value with a time lag of 20-30 min.
The relationship between E value and VPD is shown in Fig. 2 . The E value increased with the increase of the VPD value. The maximum E values were recorded when the VPD values ranged between 2.5-3.5 (kPa). A decrease in the E values was observed when the VPD values exceeded between 3.5 kPa, as reported by Kozlowski (1972) . The same trend was observed in the correlation between the E value and CSR value (Fig. 3) . To analyze these results, the correlations among the three factors were plotted threedimensionally (Fig. 4) . The figure depicts the positive correlations between the E, VPD and CSR values.
The results fitted to the Penman-Monteith equation as shown below:
where Rn the solar radiation parameter, a and b are constants, and da is the VPD value (De Graaf and Van den Ende, 1981; Okuya and Okuya, 1988; Jolliet and Bailey, 1992) .
The equation for the regression of E value on VPD obtained from the V-100 treatments is presented below:
(R2 = 0.87, P<0.001) (Fig. 2) . The linear regression equation between the E value and the VPD (equation 1) showed positive correlation with a high level coefficients in the regression analysis at a probability of P=0.001.
The linear regression equation of the E value on the CSR is shown as below: (Fig. 3) . The linear regression equation of the E value on the CSR obtained from the data (equation 2), showed a similar pattern to that of the equations previously reported by De Graaf and Van den Ende (1981) . The E value showed a higher correlation with the VPD (R2 = 0.87) than with the CSR (R2 = 0.68). As reported by Stanghellini and Van Meurs (1992) , VPD is considered to be a better indicator of the transpiration rate. In the present study, CSR was not the major factor for controlling the amount of irrigation water. 
(R2=0.91, P<0.001) (Fig. 4) . The E value was highly correlated with the VPD and CSR at a probability P=0.001(equation 3).
In all the cases, a better correlation of E value to CSR and VPD was recorded. A curve could be fitted to the whole set of data, and the VPD and CSR were used to predict the variations in the E value. The linear regression equation of the E value fitted to the data moderately well. The linear regression equation using only the E-VPD value or the E-CSR value would not predict the correct E value.
Therefore, linear regression equation (equation 3) obtained from both VPD and CSR could be used for the estimation of E value for the implementation of an accurate fertigation management system in tomato bag culture under a wide range of greenhouse conditions.
